Chain end functional polymers were prepared via reversible addi tion-fragmentation transfer (RAFT) polymerization techniques that were further chain extended with acrylonitrile. Under reducing conditions, latent cysteine-like residues were exposed at the chain ends. A variety of reduction conditions were explored and base polymers were then tethered together via thiazolidine chemistry.
The development of simple and efficient crosslinking techniques is sought after for a variety of applications including bioconjugation, material synthesis and design, and surface functionalization. The use of ''Click'' reactions is becoming increasingly popular because it offers excellent coupling efficiency and is applicable to many synthetic situations. [1] [2] [3] [4] [5] [6] One of the most popular methods is the copper cata lyzed, 1,3-dipolar cycloaddition between an azide and an alkyne. A significant limitation of this methodology is that a metal catalyst, typically a Cu I catalyst, is required. This catalyst can be difficult to remove which is detrimental to biological applications because the metal catalyst is not biocompatible. 7 The Bertozzi group has devel oped specialty alkynes that undergo the ''Click'' reaction without the presence of a metal catalyst; however, these compounds are not commercially available and require multiple steps.
8,9
Thiol-ene chemistry, which is a reaction between an alkene and a thiol, has become increasingly popular. 10, 11 Here, the thiol is added across the alkene via a radical mechanism that is initiated by either light or heat. Thiol-ene chemistry has been extensively utilized to prepare materials in the fabrication of microfluidic devices.
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Similar to ''Click'' chemistry, there are a few synthetic hurdles encountered when incorporating these functional groups into systems. This method can occur in the presence of oxygen and the absence of solvent. No metal catalyst is required, but an external stimulus such as light in the presence a photoinitiator or heat is necessary to generate a radical species.
The Grinstaff group developed a methodology focused upon the thiazolidine linkage, which occurs in the presence of a cysteine residue and an aldehyde (Fig. 1) . 16, 17 Such a reaction occurs without a cata lyst, is biocompatible, and proceeds without an external stimulus. The Grinstaff group was able to fabricate materials for replacement of sutures in cataract surgery. The significant limitation of the current methodology is the synthetic schemes utilized, which require the extensive use of peptide chemistry and protecting groups. window of scientists who possess extensive synthetic capability. As such, the power and attractiveness of the thiazolidine mechanism are limited. The critical aspect of the reaction is the presence of a 1,2 amino-mercapto functionality. The amino functionality undergoes imine formation with an aldehyde and the mercapto group is in the correct proximity to cyclize. Therefore, any 1,2-amino-mercapto functionality will form a thiazolidine linkage in the presence of an aldehyde. This concept has been utilized in combinatorial chemistry, which demonstrates the wide versatility of the reaction.
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This work details the preparation of base polymers via reversible addition-fragmentation transfer (RAFT) polymerization techniques that were further chain extended with acrylonitrile. Under reducing conditions, latent cysteine-like residues were exposed and in the presence of isophthalaldehyde, polymeric dimers were prepared.
Scheme 1 illustrates the synthetic pathway for the preparation of latent cysteine-like chain end functionality. Compound 1 was synthesized and utilized as a RAFT initiator to prepare polystyrene base polymers. Next, a small block of acrylonitrile (�2 to 5 repeat units) was chain extended. It was important to regulate the acrylo nitrile block to only a few repeat units. Larger acrylonitrile blocks proved problematic for two reasons. First, isolation of the reduced material became extremely difficult due to the fabrication of an amphiphilic material, i.e. polystyrene-b-polyallylamine. Second, excess primary amine caused difficulty in completion of thiazolidine coupling reaction. Table 1 19 This ensures that cross-propagation from a styrene unit to an acrylonitrile unit will be efficient and occur faster than acry lonitrile homopolymerization.
Next, several different reduction parameters were explored to expose the cysteine-like chain end functionality.
Preliminary efforts employed lithium aluminium hydride (LAH) to execute a reduction of the dithioester and the nitrile functionality simultaneously. Initial IR analysis of the reaction mixture showed a loss of the dithioester signal at 1728 cm -1 and a loss of the nitrile signal at 2210 cm . Fig. 2 displays gel permeation chromatography (GPC) analysis of the base polymers at different stages of the reac tion. As previously described, Polymer 1 was prepared with pre determined molecular weights and low polydispersity (PDI). Chain extension with acrylonitrile to prepare Polymer 2 proceeded with a clean shift in molecular weight without the presence of tailing or coupling.
It was then planned to add isophthalaldehyde to serve as a coupling reagent to prepare polymeric dimers; however, the prep aration of polymeric dimers was met with limited success. GPC analysis of these reactions displayed increases in molecular weight indicating the formation of dimers. Unfortunately, there was signif icant residual starting material remaining regardless of the stoichio metric conditions utilized. It was initially assumed that LAH would reduce the dithioester first followed by reduction of the nitrile. Furthermore, disulfide formation would be inhibited under LAH reducing conditions, but analysis of Polymer 3 showed that a signifi cant amount of polymer coupling had already occurred indicating the formation of disulfide bonds. It was also noted that there was a significant amount of unreactive polymer chains. This indicated that other side reactions were also occurring that were terminating polymer chains. Several potential side reactions could inhibit thia zolidine coupling chemistry. In particular, it is possible to cleave dithioesters with primary amines via aminolysis, and if the nitrile was reduced before the dithioester such a side reaction could occur between the newly formed allylamine repeat units and the RAFT chain end. Also any benzyl mercaptan that was generated from the cleaved chain end could form a disulfide bond and render a chain end inactive.
Several different reduction conditions were explored to eliminate this problem. First, it was proposed to selectively reduce the dithioester followed by reduction of the nitrile. Such a methodology would eliminate the possibility of the newly formed primary amine reducing the RAFT chain end. Second, disulfide formation is reversible, and it was proposed that the addition of b-mercaptoe thanol or dithiothreitol (DTT) would cleave any formed disulfide bridges and inhibits the formation of additional disulfide bonds.
To selectively reduce the dithioester before the nitrile, NaBH 4 was added followed by addition of LAH. This proved to be selective in targeting the dithioester before the nitrile as demonstrated by IR analysis and a change of sample color from pink to white; however, the addition of either b-mercaptoethanol or DTT after or during the reaction did not eliminate the formation of disulfide bonds.
To eliminate these issues, a new reduction scheme was developed (Scheme 2). Here, the dithioester was selectively reduced and subse quently protected by the formation of a methyl disulfide. 20 IR anal ysis displayed a loss of the dithioester frequency while the nitrile signal was maintained. Furthermore, the sample displayed a distinct color change from pink to white also indicative of the removal of the dithioester. GPC analysis of this system demonstrated the inhibition of disulfide coupling, Fig. 3 .
Next, LAH was added to reduce the nitrile and IR analysis confirmed functional group transformation. To initiate polymer coupling, DTT was added to cleave the disulfide and expose the 1,2 amino-mercapto functional group followed by addition of isophthalaldehyde. Isophthalaldehyde was added under non stiochiometric and stiochiometric conditions to demonstrate that coupling only occurs via the thiazolidine linkage and that each chain end was available for thiazolidine chemistry. Fig. 4 displays GPC analysis of the coupling experiment. In the presence of excess Poly mer 5, it would be feasible for the mercapto functional groups to form disulfide linkages; however, the addition of DTT inhibited disulfide formation. Under stiochiometric conditions, the formation of poly meric dimers was essentially complete, as only very little residual starting material was observed by GPC. Furthermore, all observed coupling was completed via thiazolidine chemistry due to the presence of DTT.
In summary, base polymers were prepared and chain extended with acrylonitrile using RAFT polymerization techniques. Under reducing conditions, latent cysteine-like residues were exposed and in the presence of isophthalaldehyde efficient polymer coupling was observed.
Experimental Methods and materials
All materials were purchased from commercially available sources. Styrene and acrylonitrile were dried over CaH 2 and distilled to remove inhibitor. 1 H NMR spectra were recorded on a 300 MHz varian instrument in CDCl 3 . Chemical shifts, d (ppm), were refer enced to the residual solvent signal. IR samples were prepared upon a ZnSe plate and analysis was conducted on an IR Galaxy Series FTIR 3000. GPC analysis was conducted in THF at 25 a C with flow rate of 1.00 mL min -1
. Three Polymer Standards Service columns (100 Å , 1000 Å and linear) were connected in series to a Thermo Separation Products P-100 isocratic pump, autosampler, column oven, and Knauer refractive index detector. Samples with amino and mercapto functional groups were treated with an excess amount of acetic anhydride to cap active functional groups. Samples were cali brated against linear polystyrene.
Synthesis of ethyl S-thiobenzoyl-2-thiobenzene (1)
A stir bar and 1-bromoethylbenzene (2.21 mL, 16.21 mmol) were loaded into a 50 mL Schlenk flask which was vacuum/backfilled three times with N 2 . In a 50 mL round bottom flask, a stir bar was loaded and then vacuum/backfilled with N 2 (3x). Phenyl magnesium chlo ride (8.51 mL, 17.02 mmol) and THF (8 mL) were then added. The 50 mL round bottom flask was cooled to -78 a C, and while stirring CS 2 (1.08 mL, 17.83 mmol) was added. The reaction stirred for 10 min at -78 a C and then for 45 min at room temperature. The contents of the round bottom flask were then transferred to the 50 mL Schlenk flask via cannula, and the reaction stirred for 20 h at 80 a C. The reaction mixture was partitioned after the addition of H 2 O (75 mL). The aqueous layer was then extracted with EtOAc (2 x 50 mL), and the organic layers were combined and dried over anhydrous MgSO 4 . Solvent was removed via rotary evaporation to yield 1 (3.25 g, 77%) as a red liquid. Compound 1 (1.45 g, 5.61 mmol), styrene (32.1 mL, 281 mmol) and a stir bar were added to a 200 mL round bottom flask. The reaction mixture was purged with N 2 for 30 min, and then heated at 110 a C for 24 h. The reaction was cooled to RT, and the polymer was isolated by precipitation into CH 3 OH to isolate Polymer 1 (16.5 g, 57%) as a pink powder. GPC: M n -3300 g mol -1 (PDI-1.06).
Typical RAFT synthesis of polystyrene-b-polyacrylonitrile (Polymer 2)
Polymer 1 (6.65 g, 2.02 mmol), azobisisobutyronitrile (AIBN) (463 mg, 2.82 mmol), acrylonitrile (22.5 mL, 343 mmol), and a stir bar were added to a 200 mL round bottom flask. The reaction mixture was purged with N 2 for 30 min, and then heated at 60 a C for 15 min. The reaction was cooled to RT, and the polymer was isolated by precipitation into CH 3 OH to isolate Polymer 2 (5.81 g, 87%) as a pink powder. GPC: M n -3800 g mol -1 (PDI-1.13). IR-2240 cm
Typical preparation of polystyrene-b-polyacrylonitrile-S-SCH 3 (Polymer 4)
Polymer 2 (5.06 g, 1.33 mmol), THF (15 mL), and a stir bar were added to a 50 mL round bottom flask. Next, methyl methanethiosulfonate (MTS) (2.51 mL, 26.6 mmol) and propylamine (1.10 mL, 13.3 mmol) were added to the reaction mixture and stirred at RT for 60 min. The polymer was isolated by precipitation into CH 3 OH to isolate Polymer 4 (4.82 g, 95%) as a white powder. GPC: M n -3600 g mol -1 (PDI-1.10). IR-2240 cm -1 (CN stretch).
Typical preparation of polystyrene-b-polyallylamine-S-SCH 3 (Polymer 5)
Polymer 4 (1.05 g, 0.029 mmol), THF (10 mL), and a stir bar were added to a 50 mL round bottom flask, which was cooled to 0 a C. Next, lithium aluminium hydride (LAH) (110 mg, 2.9 mmol) was slowly added and the reaction was stirred at RT for 24 h. Excess LAH was quenched with ice. The polymer was isolated by precipi tation into ice/CH 3 OH (50 : 50) to isolate Polymer 5 (857 mg, 82%) as a white powder. GPC: M n -3500 g mol -1 (PDI-1.07). IR-no signal observed at 2240 cm Typical preparation of polymeric dimers (Polymer 6) Polymer 5 (0.79 g, 0.22 mmol) and a stir bar were loaded into a 50 mL round bottom flask which was vacuum/backfilled three times with N 2 . Next, a purged solution of DTT in THF/MeOH (5 : 1) (18 mL, 0.1 M) was added and the reaction mixture was allowed to stir at RT for 24 h. Next isophthalaldehyde (14.7 mg, 0.11 mmol) was added and the reaction mixture was allowed to stir at RT for 24 h. The polymer was isolated by precipitation into ice/CH 3 OH (50 : 50) to isolate Polymer 6 (690 mg, 86%) as a white powder. GPC: M n -6200 g mol -1 (PDI-1.06).
